Abstract: Cordyceps species have been traditionally used as for the enhancement of sexual function, but its direct evidence is lacking. We investigated the spermatogenic effect of Cordyceps militaris (CM) as supplementation with CM mycelium to 7-week-old male Sprague-Dawley (SD) rats. Ninety rats (30 for each group) were selected to regular diet or diet supplemented with CM mycelium (1% and 5%) for 6 weeks. Epididymal sperm were collected from 6 animals per group at each interval of observation. They were allowed to recover for one week. The quality and quantity of sperm were compared in these rats. The CM supplementation resulted in an increase of serum cordycepin concentration (n = 6, each group) that correlated with treatment time and the cordycepin level was significantly higher (p < 0.05) in 5% group as compared to 1% group at the 5th and 6th week. Epididymal sperm count was enhanced significantly from the control, at the 5th week and peaked at the 6th week in both groups supplemented with CM (each time point, n = 6; p < 0.05) and maintained for 2 weeks after stopping the treatment. Increased serum testosterone and estradiol-17 (E2) concentrations were found in rats with the CM supplementation (p < 0.05), but not other hormones such as follicle stimulating hormone (FSH), luteinizing hormone (LH) or prolactin. Importantly, percentages of motile sperm cells were also enhanced significantly (p < 0.05) paralleled the serum testosterone pattern from the supplement groups as compared to the control group. Taken together, these results indicate that supplementation with CM improves sperm quality and quantity in rats.
Introduction
Cordyceps species, including Cordyceps sinensis (CS), C. militaris (CM), and others, are valuable traditional medicinal materials from Ascomycetes fungus parasitic to Lepidoptera larvae. CS has been traditionally used for the enhancement on sexual performance and the restitution of impaired sexual function in Chinese society (Ng and Wang, 2005) . The chemical constituents include cordycepin (3'-deoxyadenosine) and its derivatives, ergosterol, polysaccharides, a glycoprotein and peptides containing alphaaminoisobutyric acid. Cordyceps species have anti-tumor, anti-metastasis, immunomodulatory, antioxidant, and anti-inflammatory effects (Aman et al., 2000; Zhang et al., 2005; Yang et al., 2006) .
Cordyceps sinensis mycelium is believed to enhance libido and fertility in both sexes, however, its effect and mechanism have only been reported recently (Hsu et al., 2003a) . Cordyceps sinensis can induce the steroidogenic enzyme estradiol-17 (E2) expression in human granulosa-lutein cells (GLC) and testosterone in primary mouse Leydig cells and MA-10 mouse Leydig tumor cells (Hsu et al., 2003b; Huang et al., 2004a) . CS significantly induces plasma testosterone levels in mice (Hsu et al., 2003a; Huang et al., 2004b) . Cordyceps militaris contains higher concentration of cordycepin than CS (Yu et al., 2006) . Cordycepin from CM has been reported to have acute anti-inflammatory, anti-nociceptive, anti-angiogenesis and immunoregulatory activities (Won and Park, 2005; Kim et al., 2006) .
Testosterone, follicle stimulating hormone (FSH), and E2 are all involved in the spermatogenic process (Simoni et al., 1999) . These hormonal effects on sperm cells are not direct, but are mediated through Sertoli cells. The Sertoli cell plays a pivotal role in the development of a functional testis. FSH is the major mitotic factor for Sertoli cells (Saez et al., 1986; Colenbrander et al., 1993) . Nutrition is important for the reproductive performance; dietary supplementation with vitamin C for 28 days (60 mg/day) causes a doubling vitamin C level in seminal fluid and reduced DNA damage by 36% (Audet et al., 2004) . This would protect human sperm from endogenous oxidative DNA damage that affects sperm quality (Fraga et al., 1991) . Supplementation with selenium and vitamin E also improved sperm quality in boars (Marin-Guzman et al., 1997; and vitamin E increased the concentration of spermatozoa in semen (Brezezinska-Slebodzinska et al., 1995) . We recently reported that sperm production is enhanced significantly in adult pigs with supplementation with CM (Lin et al., 2007) . However, the mechanism of this sperm enhancement effect is not clear. Therefore, the aim of this study was to investigate the mechanism of sperm enhancement in rats with CM supplementation.
Materials and Methods

Materials
Cordyceps militaris (CM) mycelium was obtained from COMSUN Company (Taichung, Taiwan). ELISA kits for FSH, LH, prolactin, and testosterone were purchased from Cayman (Ann Arbor, MI, USA) and estradiol Biosource kit from Invitrogen (Carlsbad, CA, USA).
Animals
Ninety Sprague-Dawley (SD) rats (30 for each group) were randomly assigned to three groups: the control diet and the diet supplemented with CM mycelium 5% (Group A) or 1% (Group B). CM supplementation is for 6 weeks. Six immature rats, age of 7-weeks were kept in a cage. Average body weight (BW) of SD rats were 301 ± 11, 299 ± 10, and 303 ± 10 g (mean ± SE) at the beginning of the experiment for the groups A, B, and the control, respectively. The dietary composition of Cordyceps militaris mycelium contains cordycepin (18.92 mg/g), cordycepic acid (21.62 mg/g) and cordycepic polysaccharde (42 mg/g). Serum and sperm were collected from 6 rats per group at each observation point.
Sperm Production and Sperm Quality
The epididymal sperm were collected from 6 ether-anesthetized rats from each group by ligating two ends of cauda epididymis and cutting an opening from the end and squeezing the contents into a petri dish with pre-warmed normal saline at 37 • C. The wound was closed with suture and sterilized with iodine solution and 70% alcohol. The animals were allowed to rest for 1 week without any sign of infection or abnormality. Sperm numbers were immediately counted using a microscope with a Makler counting chamber. Non-motile sperm numbers were first determined, followed by counting of total sperm. Sperm motility was expressed as a percentage of motile sperm of the total sperm counted under a microscopic field (×1000) for 200 cells in the Makler chambers. After sperm were collected from both epididymi, the animal was sacrificed with ether treatment.
Serum Hormone Concentration
Blood samples were taken from the tail vein by venipuncture during the experiment to measure the serum concentration of hormone in the supplement and the control SD rats, 6 per group. The serum concentrations of hormone were detected using ELISA method. Each hormone assay was determined by duplicate serum samples. The sensitivity of the assay (defined as the lowest concentration of hormone detected) were 6 pg/ml for testosterone (Cayman Chemical, Ann Arbor, MA, USA), 2 pg/ml for estradiol (E2; Cayman), 1.0 mIU/ml for follicle stimulating hormone (FSH) (Leinco Technologies, St. Louis, MO, USA), 2.0 mIU/ml for luteinizing hormone (LH) (Leinco), and 1.0 ng/ml for prolactin (Leinco). The intra-assay coefficients of variation (CVs) for testosterone assay, for sera with mean concentrations of 450 or 525 pg/ml were 9.3 or 9.1%, respectively. The interassay CVs for testosterone with standard protein concentrations of 100 or 200 pg/ml were 8.5 or 9.1%, respectively. The intra-and inter-assay CVs of the E2 assay, for E2 concentrations of 50 or 200 pg/ml were 11.5 and 13.1% or 15.0 and 21.9%, respectively. The intraand inter-assay CVs for sera with mean FSH concentrations of 9.42 or 13.3 mIU/ml were 5.6 and 7.3% or 4.7 and 6.4%, respectively. The intra-and inter-assay CVs for sera with mean LH concentrations of 10.2 or 18.2 mIU/ml were 13.1 and 12.5% or 10.4 and 6.9%, respectively. The intra-and inter-assay CVs for sera with mean prolactin concentrations of 7.38 or 22.86 ng/ml were 4.5 and 5.8% or 4.6 and 5.3%, respectively. The absorbance at 450 nm was determined using a microplate reader (spectraMAX 340, Molecular Devices, Sunnyvale, CA, USA).
Statistical Analysis
Data were analyzed by ANOVA measurement and post hoc test, and student's t-test. For the sperm production and the sperm quality, analyses were performed at the beginning, during the supplementation, and 2 weeks after stopping the supplementation. Differences were considered significant when p < 0.05.
Results
Effect of the CM Supplementation on Body Weight
There was no difference in body weight in rats before, during and after the experiment among rats with either 1% or 5% CM supplementation and the control groups (Table 1) . 
Serum Cordycepin and Polysaccharide Concentrations
The CM supplementation resulted in an increase of serum cordycepin concentration that correlated with treatment time. The cordycepin level was significantly higher (p < 0.05) in the 5% group (3.85 ± 0.40 µg/ml) than that in the 1% group (3.10 ± 0.80 µg/ml vs. 0.15 ± 0.04 µg/ml of control) at the 6th week (Fig. 1a) . Similarly, serum cordycepic polysaccharide concentration was increased and correlated with treatment time (40.2 ± 4.2, 35.5 ± 7.30, and 1.1 ± 0.2 µg/m, respectively, Fig. 1b ). 
Sperm Production
To investigate the effect and mechanism of CM supplementation, the sperm quality and quantity were measured in SD rats. At the beginning of the experiment, there was no difference of the epididymal sperm production among them: for group A, 1.7 ± 0.19 × 10 7 cells; group B, 1.6 ± 0.11 × 10 7 ; and control 1.7 ± 0.20 × 10 7 cells (means ± SEM). After the CM supplementation, the epididymal sperm number was increased by 37% and 53%, respectively for 5% and 1% of CM supplement at 6th weeks, from the control level (p < 0.05; Fig. 2) . Although the body weight and behavior in these animals remained normal after the sperm collection, the surgical procedure on one cauda epididymis would cause a limited but harmful effect for the animal. Upon necropsy on animal a week later, there was an epithelialising wound with minimal sticky exudate (0.2-0.3 mm in size) in the testis.
Sperm Quality
During the supplementation with CM, the sperm motility was significantly increased by 34% (p < 0.05) for groups A and B rats at the 2nd week (85 ± 8.5%, 85 ± 9.1%, respectively vs. 63 ± 8.7% of the control. There was a second peak of increased sperm motility for the experimental groups, 19% and 31% increase for 5% and 1% of CM supplementation, respectively (p < 0.05) at the 6th week from the control level (58 ± 11%; Fig. 3 ).
Serum Hormone Concentration
Increased serum testosterone (724 ± 97 pg/m/) and E2 (66 ± 8.3 pg/ml) concentrations (p < 0.05) were found in rats with the 5% CM supplementation as compared to the control Figure 2 . Effect of CM supplementation on sperm production. The CM supplementation enhanced the sperm production from rats of Groups A and B. Sperm production (mean ± SEM) of both CM supplement groups was significantly increased at 5-6 weeks as compared with control group SD rats. *p < 0.05. Weeks * * * Figure 3 . Effect of CM supplementation on sperm motility in SD rats. Percent changes in the sperm motility (mean ± SEM) are shown before, during and after the CM supplementation. Sperm motility of both CM supplement groups was significantly increased from the control. *p < 0.05. (637 ± 91 and 31.3 ± 5.1 pg/ml, respectively; Fig. 4 ). There were two peaks of increased serum testosterone concentration (730 ± 122 and 717 ± 107 pg/ml, p < 0.05) for rats with 5% CM supplementation and one peak (731 ± 97 pg/ml, p < 0.05) for 1% CM. However, other hormones such as FSH, LH, and prolactin were not changed by the CM supplementation (Tables 2-4) .
Discussion
Sperm production and motility of sperm cells were increased significantly by the supplementation with CM. This agrees with our previous report using a pig model (Lin et al., 2007) . Importantly, we found that the increased serum testosterone concentrations during the CM supplementation paralleled with the changes of sperm motility in rats. Sperm production in animals is influenced by many factors such as nutrition, season, collection frequency, breed and age. The sperm production is enhanced significantly by supplementation with CM even to the subfertile adult pigs (Lin et al., 2007) . This is important because semen quality and sperm numbers have declined drastically in recent years that any enhancement of sperm production and qualities would be a valuable help to human infertility (Auger et al., 1995) . However, the mechanism of enhanced spermatogenesis by CM supplementation was not clear. Therefore the present study investigated the effect of CM supplementation on spermatogenic hormones. We found that concentrations of serum testosterone and E2 were increased at the 2nd week and again at the 6th week of the CM supplementation. It is possible that the CM supplement might affect spermatogenesis through the effect of cordycepin, because the increased serum cordycepin concentration paralleled the enhancement of sperm production. Cordycepin can induce the steroidogenic enzyme E2 expression (Huang et al., 2004a) and plasma testosterone level in vivo (Hsu et al., 2003a; Huang et al., 2004b) . Testosterone, FSH, and E2 are all involved in the spermatogenic process. These hormonal effects on sperm cells are not direct, but are mediated through Sertoli cells. The Sertoli cell plays a pivotal role in the development of a functional testis (Colenbrander et al., 1993) . However, FSH was not changed by the CM supplementation. Our result of enhanced serum E2 and testosterone levels by the CM supplementation was in agreement with previous reports that cordycepin induced E2 and testosterone (Hsu et al., 2003a; Huang et al., 2004b) . When rats were irradiated with 3.5 Gy, their spermatogenesis steadily declined after 6 weeks because the stem cells lost their ability to differentiate. However, when rats were treated with testosterone plus E2 before irradiation, this decline was prevented. This enhancement of spermatogenic recovery results from prevention of an injury-induced change in spermatogonia (Meistrich et al., 2000) . Our present result showed that the sperm enhancing effect of CM supplement was more prominent at the 6th week of supplementation and slightly after the stop of the CM supplement for 2 weeks. This result may agree with the similar sperm production in other mammals that the spermatogenic cycle and the entire spermatogenic process, which lasts 8.6-9.0 days and approximately 40 days, respectively in boars (Franca et al., 2005) . A study reports that alpha-IFN significantly increases serum testosterone level, while it decreases serum LH levels and leaves serum FSH levels unchanged in nude male rats (Hibi et al., 1997) . Therefore our results suggest that cordycepin might affect sex hormones E2 and testosterone, and in turn, the spermatogenic cycle and the entire spermatogenic process; however, the precise mechanism remains unclear.
In conclusion, the present study shows that the CM supplementation increased total sperm number and the percentage of motile sperm cells in SD rats. The beneficial effect of CM supplement was carried on after the stop of supplement for 2 weeks. Since serum testosterone was increased by the supplementation with CM, it suggested that sexual hormone might be responsible for the increased semen production and sperm quality in SD rats. The effect of CM supplementation on sperm production awaits further study to understand its precise mechanism.
